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ABSTRACT 


Little  data  is  currently  available  concerning  the  properties  *^0 
of  thin  graphite/epoxy  laminates  supported  by  low  density  foam 
cores.  To  help  fill  this  information  gap  a testing  program  has 
been  initiated  at  Massachusetts  Institute  of  Technology.  The 
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testing  method,  including  preparation  of  test  ^ffclmens,  is  ^ 

outlined  and  the  results  of  the  first  tests  of (^90°"  laminates  ^ ^ 

are  presented.  Analysis  of  the  test  results  is  limited  to  

calculation  of  the  Normal  Distribution  parameters  for  the  ’or 

e^stic  moduli  and  the  Welbull  Distribution  parameters  for  tn«(<f'S  iv,.g 
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Introduction 

The  potential  of  the  advanced  composites  have  been  widely 
recognized  In  recent  years  and  a great  deal  of  information  has 
been  accumulated  by  various  manufacturers  and  users.  Most  of  this 
data,  however,  describes  the  properties  which  can  be  expected  In 
relatively  thick  laminates  (10-100  plies)  after  the  recommended 
curing  cycle.  (See  Appendix  A.)  The  properties  which  can  be 
expected  in  lightly  loaded  structures  using  thin  laminates  (1-3 
plies)  cured  at  atmospheric  pressure  and  supported  by  low  density 
(3-6  pef)  foam  cores  are  less  well  known. 

In  an  attempt  to  fill  this  information  gap  several  people  at 
Massachusetts  Institute  of  Technology  have  become  Involved  in  a 
program  of  testing  single  graphite  fibers  and  composite  beams  with 
thin  graphite  facings  and  foam  cores.  The  work  that  follows 
represents  the  first  step  in  that  program  for  testing  composite 
beams  with  2-ply  0°-90°  orientation  facings  and  is  believed  to  be 
the  first  study  of  its  kind  conducted  anywhere.  Twenty  beams 
were  tested  using  two  tyres  of  foam  cores  with  the  Intent  of 
determining  compressive  allowable  strengths  and  elastic  moduli  of 
the  laminates  in  the  longitudinal  direction. 

Description  of  Composite  Beams 


A composite  beam  as  discussed  in  the  following  work  Is  a beam 
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constructed  with  gr^^phite  facings  and  a foam  core.  (See  Figure  1.) 
The  graphite  facings  provide  the  tension  and  compression  strength 
of  the  beam  as  well  as  providing  the  beam  resisting  moment.  The  pur- 
pose of  the  foam  is  to  separate  the  graphite  lacings,  give  continuous 
support  to  prevent  buct'ling,  and  to  resist  shear  forces.  To  prevent 
local  failure  at  the  loading  points  mahogany  end  blocks  were  substi- 


rig-re  1 

Tvricai  Corpcsite  aea~ 


The  graohlte  material  was  manufactured  by  Hercules  Incorporated 
In  12"  pre-preg  tapes.  The  various  mechanical  and  physical  properties 
of  the  tape  are  listed  in  Appendix  A.  The  foam  used  in  the  first 
eight  beams  was  Up.lohn’s  CPR  Urethane  Foam.  That  used  in  the  last  12 
beams  was  Alrex  Polyvinyl  Chloride  Foam.  Foam  properties  are  also 
listed  In  Appendix  A. 


r 
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PrsDaration  of  Beams 

The  fabrication  of  each  composite  beam  consisted  of  three  distinct 
steps.  These  were*  (1)  curln*?  and  sizing  of  the  graphite  laminate* 

(2)  preparation  of  the  coret  and  (3)  +he  secondary  bonding  of  core 
and  facing. 

preparation  of  the  graphite  facing  was  the  most  difficult  as 
well  as  the  most  important  step  in  the  construction  process.  The  temp- 
erature during  cure  appeared  to  make  some  difference  in  tlnal  properties 
and  the  measure  of  vacuum  was  important  in  determining  the  quality 
of  Interlaminar  bonding  as  well  as  laminate  thickness  and  weight. 

The  layup  procedure  involved  placing  the  pre-preg  tape  between 
blotting  layers  (fiberglass  cloth)  and  release  material  (peel- 
ply  cloth)  and  mounting  the  several  layers  upon  a steel  plate  to 
prevent  crushing  or  distortion  during  cure.  (See  Figure  2.)  The 


('.rarhite  Curtr.n  Lavtir* 
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entire  lavup  was  then  sealed  inside  a nylon  vacuum  bap,  evacuated, 
and  cured  for  24  hours  at  a tenperature  of  350  F.  At  the  end  of  its 
curing  cycle  the  large  sheet  of  laminate  was  cut  to  proper  size  on 
a sheet-metal  shear. 

The  rreparatlon  of  the  core  was  mu^h  easier.  The  wood  and  foam 
blocks  were  cut  to  size  on  a table  saw  and  glued  together  in  a special 
.ilg.  The  core  was  then  put  on  a milling  machine  tc  produce  flat, 
parallel  facing  surfaces.  Light  sanding  to  remove  any  roughness  or 
fuzziness  was  the  last  step  in  core  production. 

Secondary  bonding  was  necessary  because  the  foam  cores  could  not 
withstand  fi^e  high  temperatures  used  to  cure  the  graphite.  Ponding 
was  done  using  3mooth-0n  EA-40  epoxy  under  vacuum  pressure  at  room 
temperature.  The  vacuum  bag  layup  was  similar  to  the  graphite  curing 

layup  described  above.  After  the  epoxy  had  cured  the  beams  were 

*★ 

resized  to  adjust  for  a'y  slippage  of  the  graphite  during  cure. 

Excess  epoxy  was  sanded  from  the  edges  on  a belt  sander  and  from  the 
surfaces  to  be  instrumented  with  #220  wet  or  dry  sandpaper. 


* 

Various  other  temperature  cycles  were  tried  early  in  the  program  in 
an  attempt  to  reduce  the  laminate  thickness  toward  the  nominal  value 
of  .0052"  per  ply  obtained  by  the  manufacturer  auring  high  pressure 
curing.  For  the  various  cemDerature  cycles  tried  see  Fable  1. 

•kic 

The  graphite  facings  frequently  slipped  sideways  such  that^part  of 
the  graphite  would  be  unsupported  while  a corresponding  portion  of 
the  core  would  be  bare.  Resizing  was  done  on  a power  sander  to  adjust 
beam  width  such  that  uncovered  core  areas  were  removed. 
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Testing  Procedure 

The  beams  were  Instruirented  with  Micro  Measurement  EA-13~ 
lB'7wp-)20  Strain  Gages.  Gages  were  placed  on  both  faces  In  the  0° 
orientation  and  were  placed  at  the  center  of  the  beam  facings  to 
reduce  any  edge  or  end  effects.  No  attempt  was  made  to  measure  the 
transverse  strain. 

The  bea-’s  were  tested  for  their  tension  and  compression  moduli 
and  their  comcresslve  failure  strength  using  four-point  loading.  A 
Baldwln-'?mery  SRb.  Model  FGT  test  machine  was  used  for  loading.  A BLH 
Type  20  strain  indicator  was  used  to  measure  strains  on  the  first  eight 
beams.  A BLH  Model  1200  strain  Indicator  was  used  to  measure  strains 
on  the  last  twelve.  Loading  steps  of  20-50  pounds  were  used  so  that 
observations  of  the  beam  and  several  measurements  could  be  recorded 
throughout  the  loading  cycle. 

Analysis  of  Data 

The  loading  geometry  was  such  that  the  moment  in  the  test 
section  was  1.3^  times  the  load  applied  by  the  testing  machine. 

The  beam  moment  of  Inertia  was  determined  as  for  a rectangular 
cross-section  using  average  faclntr  and  core  thicknesses  at  the 
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strain  gage  centerline  and  Ignoring  the  contribution  to  bending 
stiffness  of  the  foam.  Stresses  were  then  computed  using  the 
familiar  relationship  S=My/I.  Tension  and  compression  moduli 
were  determined  by  calculating  the  slope  of  the  linear  portion 
of  the  stress-strain  diaErams.  Calculation  of  the  Weibull  para- 
meters for  comoresslve  failure  strength  was  done  with  the  help 
of  a computer  program  previously  developed  In  the  Department  of 
Aeronautics  and  Astronautics.  The  geometry  of  the  loading 
mechanism  is  shown  In  Figure  3» 
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Findings 

In  light  of  these  tests  it  appears  that  the  Polyvinyl  Chloride 
Foam  may  offer  core  orcpertles  which  will  satisfy  the  requirements 
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of  llahtly  loaded  composite  structures.  It  is  easy  to  work  with 
and  allows  the  laminate  to  develop  f^ocyi  compressive  strength 
without  buckllnc.  The  Urethane  Foam,  however,  does  not  seem  to 
be  a satisfactory  core  material.  In  all  cases  where  urethane  was 
used  beam  failure  was  due  to  a tension  failure  of  the  foam  which 
allowed  the  graphite  to  buckle  outward  at  relatively  low  beam 
loading.  Photopraphs  of  the  various  modes  of  failure  are  presented 
in  Appendix  E. 

With  P/C  foam  cores  the  laminate  demonstrated  mean  elastic 
moduli  of  MSI  in  compression  and  7.59  MSI  in  tension.  The 

compressive  allowable  strength  was  calculated  to  be  272  pounds  per 
Inch.  Modes  of  failure  were  an  apparent  compressive  failure  of 
the  eraphlte  and  a ccmblnation  compression  failure  of  both  the 
foam  and  the  prarhite  nlmultaneously. 

The  testing  methods  used  appear,  in  retrospect,  to  be  sound 
and  should  be  continued  aa  such.  Future  testing  may  well  yield 
hlsher  moduli  and  allowable  strength  as  additional  experience  is 
gained  and  If  more  attempt  is  made  to  closely  follow  the  recommended 
curing  temperature  cycle  published  by  the  manufacturer. 
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Notes : 

Material“«U  designates  Urjohn*s  9006-4  Urethane;  PVC  designates  Airex  Polyvinyl 
Chloride. 

Failure  rode--** a**  is  tension  failure  of  the  foam;  "t*  is  compression  failure  of 
the  graphite  facing;  "c”  .s  combination  failure  of  both  foam  and  graphite  in 
compression;  "d"  is  compression  failure  of  graphite  originating  at  site  of 
earlier  ply  delar.ination. 

Curing  Cycles--"a"  is  2.7S  hrs  ? 350°'';  **b*  is  3 hrs  @ 250®  and  1 hr  350®; 

"C*-  1 s i nrs  J225®,  1 hr  ^ 35C®;  "d"  is  2.5  hrs  a2250,  1.75  hr  ^ 350°; 

■e**  is  2.5  hrs.  9 350®F. 
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»T7r  '5TP*^'>Tr*S:  T t''" 

•t?  T^icn**"*^  : r.Citto 


(pr**»»ios) 

(D«?H 

C->»»pp*S5T*»^ 

(•i-Tvr'»i 

(7-1  -/»'n 

« , 

:Af.. 

7. 

T*. 

1 :«i , 

itti. 

1?7. 

IT, 

■»-*o  1, 

7#  1, 

27«l. 

lA**, 

7 ia , 

?B*2. 

(ttt7. 

ICf  . 

«#  »«. 

A''7, 

•»7e. 

12*. 

T?). 

1«6. 

Att7l  , 

07B. 

BB7. 

. 

7 ^*7  , 

4««, 

117, 

BIBB, 

• • ai , 

1"37, 

oi>*. 

im. 

17BA. 

??fi. 

trc^T. 

nt7. 

t?A'l. 

‘*«7. 

1 

10U  7. 

|7«», 

1 <7  <••  , 

lA'.B. 

is^u. 

?1*. 

» 7<  •♦<  , 

tA7  » , 

1*  1 1, 

’rs. 

n t «< , 

ITT.*. 

T?7. 

fj'j  17. 

ITT.'., 

IBS  1, 

Ta6, 

«*  »7A  , 

.1  , 

H T, 

**  u 

7«*  A4, 

t7|  -4  , 

7777, 

7 A, 

'*».  ", 

«770*., 

.'7  17. 

21 


7IT5  ••  T*ST  : 

;-*pr  . 

-OF*  *'Tt*tsiov«: 

0*C 

<“»•» 

c.7^1  » ?.«*?•  » *i.n' 

"l*  ♦*»T?nn*.s?  : 

‘“.''17R  T*»rH-S 

ST9^‘5“ 

-•e  xT*r 

S'^ 

(P«JT) 

rr  «f*o 

pi*'. 

f7- 

2^. 

7 i<I  , 

111, 

17^7, 

:?*•. 

7 

fo. 

?SM. 

707, 

7 

at. 

7 17ft. 

0 'S*  . 

7 

*“A. 

ft  79, 

r 

12^. 

ftO"  , 

ft 

1*1^. 

07*, 

ft 

Olft. 

■* 

. 

«7q^. 

t77q. 

0 

?C^. 

7«17. 

1 I^O. 

9 

2?«. 

"171  . 

1 ifiq. 

r 

*'44. 

1 7ftq. 

11 

q^'7. 

<70'. 

1? 

**a«. 

1 : ^ t .' . 

»S7»^  . 

n 

11 7*7, 

i«q7. 

1 7 

12S. 

1 m |7 . 

1 (»  17. 

in 

12- >7. 

1 a**'' , 

in 

»*7, 

1 > 17  1 , 

a--*!. 

1ft 

14«, 

17'' 77. 

7 !*  7. 

K 

’7q  *, 

If. 

7?». 

i«Sa‘'.. 

7 Iftl  . 

1ft 

• U7. 

M 111. 

1ft 

• It**'’* 

• IT**'!*  » ’••*  4i, 


'*<'91  : 

»Lr  »‘fTC'r®*s;  : 

X S,*'*' 

■*,''* *^  I*»C“ * s 

l lAO 

®Tl»r?s 

TT®  A T }* 

C'r-r'?/T'*l 

A. 

. 

‘»*ie>. 

MS. 

S'*. 

i«:®. 

3*  T, 

MS, 

J**. 

• s^. 

li*#. 

«.ai. 

12^. 

U5. 

<2'»S. 

sal . 

MS. 

fAv’. 

oaa. 

1«*  , 

, 

U‘*s, 

2:i». 

■»  4 4 4 , 

11  a*. 

‘»2^. 

a > >>, 

1 i‘'i. 

oaj,'*. 

«a)’. 

•»««. 

*S4‘', 

2S^. 

Ml  . 

ai. 

?<’«. 

MM?. 

t2’. 

1 

<P  M, 

IS-i. 

i7'S«, 

ina*.. 

HS. 

Mils, 

■*  1 . 

'••i. 

'•*»■’. 

p a % , 

**  Ma, 

a 2A. 

'a’l , 

• lA, 

1*  **•*<. 

1, 

1 r a*-  **  , 

au , 

a«^. 

■ATT»*0*  irsp  * 

• STP’*S<  ^ 

1 f « 4«*  . *•  • ••  • • • 

a##;, 

'7.33  MSI 


SPfClH^N  NU*«eEB:  OEA>*  *9 

DATE  0^  IFSI  : 5 FC6  7t 
CCKE  «*AUAUL  : PVC  P )A*4 

COHE  ^|P£^SI(iMS:  0.721  X 2.47C  X ^.030  ISCI'E^ 
PL»  TMlQKNFSS  : O.OlSi  I'iCH'S 


LOAC 

STPf  5S 

srpAiA 

$T4AU 

’C0N3SI 

(P:>  1 ) 

LOPA^SSlCN 

tENSICS 

tU-IS/IM 

(U'lA/ 161 

6. 

2«>e. 

c . 

C. 

SO. 

2S7S. 

«>iw. 

SlO. 

L06. 

S2St. 

66  k . 

6-iC. 

ise . 

77jt. 

use. 

107C. 

20A. 

1321S. 

UiC. 

use. 

2S4« 

l*.sss. 

16SC. 

166C. 

2d<*. 

is<ei. 

lesc. 

UCC. 

316. 

lSf7C. 

2erC. 

2JSC. 

iSl. 

uses. 

22dC. 

23ec. 

376. 

U7SS. 

2SSC. 

2S30. 

436. 

232>£ . 

«66C. 

27SC. 

ASe. 

22t  U. 

«-s*c. 

2»03. 

SQ7. 

2S6%S. 

i^Ck. 

336C. 

S^l. 

26S27. 

j 7dc« 

J74k. 

S77. 

2dS42. 

.>0cC. 

tO-iC. 

637. 

j31»;3. 

Okie. 

4373. 

cST. 

i2S77. 

Ck  • 

4I6C. 

670. 

^SfC. 

4»)93. 

736. 

JSOw'». 

••7jw. 

4 7fre. 

7SJ. 

iT3^0. 

* o-;e. 

6413. 

^3S. 

W<;ie. 

'as^k. 

S4  )3. 

622. 

vSS. 

aa  U . 

Sc<C. 

06*^. 

*l>.Si.*»** 

•'•Ill'll*  l<3#3  • P 

pAatPU't  srt»%s  • i*vi 


pamI^u*  % • 


I V « 4 


2000 

4000 

STRAIN  1 

[ u in/in) 

SPECIMEN  number: 

BEAM  «IC 

DATE  OF  leST  : 

6 F^B  7b 

CCPE  HATEkUl  : 

PVC  FOAM 

COPE  Ol^'cNSlONS: 

c.e  73  X 2.640  n 

S.OOJ  INtFES 

Pit  lHlC»^NcSS  : 

0.0163  INCmES 

ICAO 

STRESS 

S T ^ 1 N 

stpair 

IP'OUNCS) 

(PSD 

CCPPRf ESiLN 

UNSICK 

(C-IN/IM 

(U-IN/  IM 

6. 

2B7. 

C . 

0. 

2 776. 

3 d C . 

340. 

lOA. 

>074. 

73C. 

67C. 

. 

7 fC  7. 

1100  . 

locc. 

204. 

S7t6. 

i42  C . 

1310. 

29*». 

U 349. 

i bOC  . 

1640. 

305. 

1464S. 

2 U C . 

197C. 

31)7. 

I70e4. 

2blC. 

2310. 

i*.62S. 

2K?t  . 

2l  £0. 

46b. 

21922. 

J A 4 w . 

2990. 

t:p. 

2<*3U. 

99SC. 

J33C. 

664. 

2t  7G9. 

3910. 

3c40. 

4J6. 

2930( . 

425C. 

>9  HO. 

<}6o. 

314>»6. 

4b  ‘0  . 

4 JOO. 

7C4. 

i3tS7. 

4 i iO  . 

4620. 

79b  . 

36  1 he  . • 

PAAl^u'*  LJaO  » 

79t.  PJuNi,ii 

T 

6000 


. I .»/  In 


STRAIN  (u  in/in) 


SPECIMCN  NuHhe*?:  i-Hoj'i  DeA^'  •u 


OAft 

OF  TEST  : 

5 FF3 

/6 

cent 

NATEaUL  : 

PVC  F-JAM 

ccot 

Olf'f  NSI^NS: 

a.73j 

X ^.<|00  X 

inckes 

PLY 

TMiCKNfSS  : 

O.CL<>S 

iNChES 

tC40 

STKFSS 

SfPA  lA 

SfHAlA 

CPCUNOS 1 

<p$  n 

LI  flPKE  SS  UA 

TEASICA 

<U-IN/IN» 

lO-lK/iM 

6. 

320. 

. 

0. 

^8. 

iOHS. 

*t  L C • 

ASC. 

ICO. 

Stsi. 

76C. 

3 JO. 

lSr4. 

1 l<iC  . 

1230. 

ilijl. 

iH*iC  • 

U 1C. 

137^0. 

L c*«0  • 

lYdO. 

3C6  • 

162«?7. 

iisC. 

2j<i0. 

J54. 

27CC. 

<i07. 

21^7^. 

. 

30<iC. 

2*- Ji'-. 

SO^. 

27ot>5. 

1 C • 

iSSO. 

iS7, 

<»  • 

<»21C. 

‘•'’4  . 

lOA”  * p js;;s 

SiKtSS  * il"»75.  5*M 


<»  •»  *»  • L .H  / I 


STRAIN  ( b in/in) 


SPECiHfN  NUMb^H: 

l-MCQS  rEAM  • 

CATE 

OF  test  : 

5 FE-i  Ih 

CGAE 

MaTfcKlAL  : 

PVC  FUAM 

CC«E 

0!»»FNSinNs: 

3,69;;  t 2.t5C  > b.JJ'J  I-^CF'ES 

PLY 

THlCK'JtSS  : 

J,«14i  INLI-FS 

LLAO 

IPCUNDS) 

STHtSS  "sTkAIN 

CPS  1 1 Ci.PPkF  S<  ICN 

ST»AIK 

TtNSICS 

lu-IK/IM  (b-lN/IM 


3CS. 

0 « 

C « 

^9'  C, 

3cC  . 

3<»J. 

lOfc. 

tso. 

63:. 

160. 

A C^C  • 

«J0. 

^08. 

1 i7J. 

1^9). 

^6U 

1 J<|S3, 

1 C • 

i6i:. 

333. 

^ o*«o  • 

19CC. 

33*^, 

t.^wC. 

<.'0^?  7. 

4.  7^3. 

4?SAJ. 

30  70  • 

.*•*60. 

‘08. 

l-s. 

’-•iC. 

319:, 

■>S7. 

4>o  'IS, 

*7rw. 

jAhO. 

e Ji. 

il  i**'*. 

«•  J 70  • 

c 0 V : • 

6 *6. 

r-*?,  < *•<  • 

«AXI'*U*  LJAJ  • 

t3e.  Pi'j\:s 

H4X  i >/  r« 


20000 


STFZSS 
(PSD 


10000 


Tension 

Conpression 


J T I I I I 1 I I I I 1 r-|  I I ! I I I I I 1 I 
2000  4000 


STRAIN  in/in) 


SPECIMEN  NUMBcR: 

1— HOPN  oEaP  • 1'* 

DATE  Cf-  TEST  : 

S f£&  7h 

CCBE  MATtRlAL  : 

PVC  FiJAft 

CCPE  ni^tNSl'JNS: 

J.715  K ^»b‘JC  * •> 

•JJJ  iNOhtS 

pLt  Thickness  s 

INCHES 

LCAC 

sr<tESs 

STMA  IN 

ST.<AIN 

IPL'UNJSI 

(PSD 

SSllN 

Tci^SICN 

lU-iK/IM 

(U-IN/IM 

e« 

2N7. 

. 

0. 

63. 

^ V C • 

^CC. 

136. 

733- 

6SC. 

i57. 

77c»3. 

lOiO. 

eo6. 

13212. 

43^C« 

13SC- 

IcT'^O. 

U 4C. 

Ic  30- 

30^  • 

iSj7C. 

1 ScC  « 

1S8C. 

JS7. 

WtVf  , 

<.^  j C • 

3 3 -0  a 

<»06. 

20U  7. 

4.6a0  • 

264C. 

«»56. 

2^tCe. 

..S9C. 

2NoO. 

S09. 

32  r L • 

331J. 

2 7^^ 2 • 

•JSsC. 

3^2C. 

oil. 

3J2*.w. 

w *»  L C • 

3S<iJ, 

• 

PA  XI ''O'' 

LCAC  * 

O-ft.  Pi’J' 

PAX  |YJ*» 

$t-JL>S 

« Ajn-S 

PAXIHU.’^ 

N * 

“.bl.  L'l/r 

3 


7.66  MSI 

/ 

//  rj.=  7.37  MSI 

/ 

/ 

Tension 

• Con\pression 

STRAIN 

(u  in/in) 

SP6CrMf\  M.MrtER: 

1-mOON  oEAm  »15 

0*I£  06  TRSI  : 

12  663  76 

CCHE  MflTtRIAL  ; 

PVC  6.) AM 

CCRE  OIPrNSIOMS: 

0.710  X 2.t<tC  > i 

.000  l\C6tS 

PLY  ThlCKNFSS  : 

0.0139  15C6E5 

LCAO 

stress 

strain 

STRAIN 

(PCUMOS) 

IPS  I 1 

crppKtSSUN 

r'-iicN 

lO-IN  / IM 

lU- IN/ IN  1 

u • 

31-. 

w • 

c. 

63. 

3035. 

3c  0 • 

3-C. 

106. 

55-7. 

71C. 

7 00. 

167. 

6216. 

&^CL« 

105C. 

i07. 

10U32. 

4 ^0  J • 

1 J6C. 

257. 

13--t. 

1 

1 7C0. 

j05. 

15560. 

-;l7C- 

2010. 

j57. 

I6b61. 

/ J. 

23d0. 

<.09. 

21 3-S. 

4 (•  1 C • 

2 TOC  . 

-57. 

23  71  3. 

. C**u  • 

10-:. 

50  7. 

KAXI-U-  1J*C  • 

50  7.  P';i>N7s 

P4XIPUP  S7RfSS  » 

2653J.  PSi 

P4XI-0-  » 366.  L3/f7. 

! f I I I"  I ! T I I 1 T I T I I I I I I 1 T 
2000  4000 

STRAIN  (a  in/in) 


SPICI'fN  NUXdfn: 

l-H»jU4  rtfcAW  0 

u 

OAIE  0^  Tcsr  : 

U Ffc4  70 

CCRC  •iaUmUI  : 

PVC  P>*iAM 

CORE  nii»(SSli‘NS: 

J.0O9  X 2.6<»c 

> t.JCO  IKL»  E S 

Pl>  tMlC«NfSS 

O.JlbJ  ISCt-cS 

IC40 

itIRlSb 

SIKAIS 

IPCoNUS) 

IPSO 

CtMPALSSi 

lU-lK/lK 

4 • 

i2F. 

0. 

5rt. 

ii  rc. 

JcC. 

i>. 

7JC. 

160. 

o746. 

IU4C. 

2jr. 

1131S. 

1 jnO  • 

ibl02. 

1 71L. 

SH. 

I66ie. 

«C2C  . 

J^6. 

ISOKh. 

*»3*. 

JOI. 

A 710. 

2bQ:S. 

3CU. 

i07. 

2771a. 

iAt-C. 

IwSjC. 

jt  **c  • 

6 OR  • 

02iA. 

^ViC. 

A • 

'S74. 7. 

^ 1 J . 

6 7b. 

U-9*‘C.«' 

R*at«j**  m 

6 7c.  P U’«OS 

RAllMU**  '.fMfSS  ■ 

io<<o.  rsi 

MSI 


Tt\SICK 
( U-  IK/  IM 

J* 

iVC. 

rbc. 

iUC. 

1%6C« 

Zl’iZ. 

^iSO. 

iizi. 

159C. 


Sir.  L & / f H 


31 


30000 


STRAIN  (u  in/in) 


$PKIM5N  NU^btR:  l-HC'JN  6fAP  « 17 
C*IE  OF  lEit  s 1<  rci  76 

CCH6  MATFRMi  : PVC 

CCRE  OlNf^SUNS:  C.TIA  x 2.feac  > 5.JOJ  iNChtS 


PLY  TMlC^NtSS  : IKChbS 


LCA  J 

StMfSS 

6TkA  IK 

IPCUNOS) 

IPSI) 

CCPPPiSilCK 

t. 

292. 

0. 

95. 

2661  • 

3U. 

106. 

9 loo  • 

66C  • 

199. 

7701. 

4 0 L C . 

207. 

l3Ja9. 

139C. 

29P. 

l4;>79. 

It  tj. 

309. 

49666. 

4.U.:2. 

396. 

47^92. 

4.  JCL  . 

••02. 

1799-.. 

272L. 

«96  • 

22226. 

3C2C. 

93F. 

29  ToO . 

..9s  2 . 

997. 

27 19b. 

>e3C. 

607. 

299pi*. 

••2U. 

t97. 

34.  J. 

2c  . 

736. 

•“Jic. 

726. 

3*>>c« 

PAHIPU*'  LUAO  • 727 

. PilU‘4U9 

5f«»9S  • 

}>3  t. 

MAjriruP  \ • 913. 

t f/  19 

MSI 


SIRAIS 

iU-IN/IM 

0. 

?90. 

t5^. 

970. 

1290. 

ucc. 

1920. 

229J. 

2590. 

2.36C. 

i2J0« 

j793. 

AJ*l. 


STRAIN  (u  in/in) 


SPfCI»teN 

l-HjCN  oEAH  fe 

16 

DATE  CF  TCST  : 

12  ff\  It 

COPC  AtATFrtUl  : 

PVC  f U9 

CCMC  ni«€NSi(:NS: 

J.7J5  A 2,^90 

A 5.ii^U  ISChl5 

PtY  FMCCKNFSS  : 

d.aij'j  l^c^fs 

ICAO 

STPFSS 

srpAiA 

STRAIN 

IPCUNOS) 

tPSM 

Cy^HHfeSSUA 

TfNSiCN 

CU-IA/fA J 

(O-IN/K 

335. 

C. 

3. 

56. 

>sc. 

6 30. 

106. 

59a?. 

7o0  . 

159. 

o663. 

116C. 

1180. 

207, 

U566. 

1 

1570. 

256. 

16301. 

190c. 

uec. 

307. 

17151. 

J wC  • 

^iJC. 

356. 

15466. 

4. 6 H C . 

2t5C. 

«C9. 

2a86S. 

3CSC. 

3J53. 

959. 

J5io3. 

338C. 

50«-. 

JE£cf!* 

^653. 

3780. 

5A«. 

3o6l6. 

ol5C. 

638:. 

‘>79. 

>2 366« 

■«*«c  J. 

t20. 

iA63^. 

* l^C, 

Af  JC. 

656. 

3666  1, 

•>173. 

A77C. 

tl2. 

it 

MAKIPHJP  L^A-.  > 

tti,  P-  U'NbJ 

9AIIMU9  $f  U >S  • 

>6  » > J.  1 

I c / I N 


I r r-T  ] I T r-r-  | "i  r r i ] "i  tt  r | i i i r ] 

2000  4000 


STRAIN  (w  In/in) 


SPfCIhPN  NUMhPR:  l-hC'JN  i5cAM  n l<i 
OAIE  OP  TEST  : FE-^  ^6 

CCRE  material  : PVC  EUrt 

CORE  Olf'FNSlONS:  0.70<t  X Ji  S.OJC  INCHES 


Pt)f  ThlCXNFSS  i 

0.0136  INCHES 

LCAC 

STKE  SS 

SU/  IK 

strain 

« PCU7.0S  1 

IPSII 

SSKN 

TE.^iRN 

lO-IK/lK) 

il-in/u 

6* 

33C. 

c 

w . 

Cl« 

33St. 

320. 

310. 

10^. 

S331. 

ftbO. 

tiC. 

iS7. 

Objlm 

iC9C« 

1030. 

^'3T, 

ll  Ihe*. 

i 90 0 . 

13  70. 

2^6, 

19019. 

1 77C. 

1730. 

309, 

lo  7*9. 

2 i < C . 

20ec. 

3S9, 

19976, 

06aC. 

2950. 

907, 

22391. 

*-.c. 

2«?20. 

9S(.  • 

25w-t • 

, 2 d V.  . 

JISO. 

27«37. 

Stic, 

3510. 

S^J, 

MAni-t''  iT‘<‘’ss  • 'SI 


^19.  L / r 


I t I I 


T 


2( 


STRAIN  (j  in/ln) 


SPfClHes  l-HCO'i  c6AM  • ic 

DATE  JF  TtST  : U FF:*  76 
CCHfc  '^ATEoul  : PVC  F'^A'I 

CCR6  OI»»fNS(ONS:  J.7J5  X A ‘.JJJ  I'.Cnfb 


Pt>  THICKNESS  : 

O.CIA2  INLH'S 

LCAO 

STRESS 

S 1 ^ M 1 5 

SfHA  IN 

iPCuNOSI 

(PSll 

CC.-«PdE  SalLN 

tensicn 

Iu-1\/1M 

1 Lh-  IN/  IN  ) 

6. 

il5. 

w • 

c. 

As. 

4.  5«.  4. 

JCC. 

3c:. 

IJd. 

St  7b. 

760  . 

7lC. 

157. 

b25A. 

U5C. 

ica:. 

23d. 

10*^  jS. 

iA70. 

1 37C. 

258. 

l3ShA. 

1 c 1C  • 

1703. 

335. 

lo03A. 

&14J. 

233C. 

353. 

18621. 

£ SAC  ■ 

2 A 3C  . 

A13. 

21 55A. 

2760. 

A6^. 

43A7j. 

3 ^ 2 C • 

30AC. 

53c  • 

2tc31. 

^ 72  3. 

3id3. 

i uc  « 

■4  1 4.  C • 

3720. 

636. 

>i d sF , 

•4SCJ. 

AJ30. 

656. 

KAe  7. 

A35C. 

b5ti  • 

!£,S''C. 

LjAi;  « 69F.  »» 

^AAfMO**  * iOb  >J»  >*6^ 

•lAAl^U'l  N * bZJ,  I *f  If. 
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TABLE  Al  FOAM  PROPERTIES 


FOAM 

CPR  URETHANE 
9006-4 

AIREX  01/18 

P'^C  FOAM 

COMPRESSIVE 

STRENGTH 

(psi) 

PARALLEL  * 

55 

120 

PERPENDICULAR 

75 

COMPRESSIVE 
MODULUS  OF 
ELASTICITY 
(psi) 

PARALLEL 

900 

5000 

PERPENDICULAR 

2000 

TENSILE 

STRENGTH 

(psi) 

PARALLEL 

70 

260 

PERPENDICULAR 

90 

SHEAR  STRENGTH  (psi) 

50 

125 

NOMINAL  DENSITY  (Ib/ft^) 

4 

6 

* Indicates  a direction  of  loadinq  parallel  to  the  ^ace  of 
the  beam  and  applies  onlv  to  the  urethane  foam. 


TABLE  A2  GRAPHITE  PROPERTIES 


MANUFACTURER 

Hercules  Incorporated 

PHYSICAL  PROPERTIES* 

Fiber  Volume 

59%  , 

Density 

.0577  Ib/in 

Ply  Thickness 

.0053  in. 

LA.MINATE  MECHANICAL 
PROPERTIES* 

0°  Tensile  Strength 

239  ksi 

0°  Tensile  Modulus 

20.5  msi 

0°  Flex  Strength 

276  ksi 

0°  Flex  Modulus 

17.2  msi 

Short  Beam  Shear  Test 

18.9  ksi 

* Values  are  for  1-ply  Iciminate  cured  as  recommended  I 

by  the  manufacturer. 



V 


Manufacturer's  Recommended 
Graphite  Curing  Cycle  AOl 

Laminates  shall  he  cured  as  follows t 
a*  Preheat  press  platens  to  275  + 5°F» 
b.  Place  mold  in  press  and  apply  contact  pressure 
pounds  per  square  Inch  (psl). 

e.  Hold  at  contact  pressure  of  Step  b.  for  18+1 
d»  Increase  pressure  to  100  + 10,  — 0 psl. 

e.  Increase  temperature  to  300  + 

f.  Hold  at  100  + 10,  - 0 psl  and  300  + 5®F  for  30 

g.  Increase  temperature  to  350  + 5°F  and  hold  for 

h.  Decrease  temperature  at  a rate  of  13  + 2°F  per 
temperature  of  150  + 5°F  is  reached, 

1.  Release  pressure. 

j.  Remove  mold  from  press. 

k.  Remove  laminate  from  mold. 


of  10-15 

minutes. 

+ 5 minutes, 
30+5  minutes, 
minute  until 


o 
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APPENDIX  B 


Failure  Mode  "a" 

Failure  Mode  "a"  was  a tension  failure  of  the  foam  core  which 
allowed  the  graphite  facing  to  buckle  outward.  It  was  found 
to  occur  only  with  the  Urethane  foam  core  beams  and  was  the 
method,  of  failure  in  all  eight  cases.  The  half -wavelength  of  the 
buckling  varied  from  5/^"  to  1-3/^"  and  often  varied  from  one 
edge  of  the  beam  to  the  other.  Failure  was  very  rapid  and  was 
always  occumnanied  by  a "popping"  sound  as  the  graphite  tore 
loose.  The  failures  occurred  at  relatively  low  levels  of  stress 
when  compared  with  the  PVC  foam  core  beams. 


Failure  Mode  "b" 

Failure  Mode  "b"  was  a compression  failure  of  the  graphite  facing. 
This  failure  modr  occurred  on  five  of  twelve  occasions  where  PVC 
foam  was  used  as  core  material.  The  failure  line  was  characteris- 
tically very  jagged  through  the  facing  with  little  apparent  permanent 
deformation  of  the  core  material.  Failures  occurred  at  stress  levels 
of  25» 000-35# 000  psl,  (The  compressive  ultimate  strength  of  the 
laminate  is  about  90#000  psl,) 
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Failure  Mode  "c" 

Failure  Mode  "c”  appeared  to  be  a combination  failure  of  the  PVC 
foam  and  the  graphite  facing  although  it  is  probable  that  one  caused 
the  other  to  occur.  The  failure  of  the  foam  was  a compression 
failure  and  can  bo  identified  on  the  beam  by  the  straight,  sharp 
V-shaped  indentation.  It  varied  in  length  from  about  to  1-3/4" 
with  the  remainder  of  the  facing  falling  in  compression  similarly  to 
Mode  "b".  This  mode  of  failure  occurred  on  six  of  twelve  occasions 


with  the  PVC  foam  core  beams 
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Failure  Xoie  "d" 

Failure  Mode  "d"  was  one-of-a-kind  and  occurred  only  on  team 
It  is  very  similar  to  Mode  "b"  except  that  some  inter- 
laminar delamination  occurred  on  one  eds^e  of  the  beam  sutflclent 
to  weaken  the  beam  locally  and  allow  compressive  failure  cl 
the  s-raohite  ‘■’einp  to  occur  at  that  site.  Although  delamination 
was  atout  j"  wide,  it  is  interesting  to  note  that  the  m.axlmuir 

roTT'Tesslve  load,  N , was  comparable  to  that  ot  all  other  failures, 
max 


( 


